The amino acid sequence of the Bradyrhizobium japonicum nitrogen fixation regulatory protein NifA, as derived from the nucleotide sequence of the nifA gene, was aligned to the corresponding protein sequences from Klebsieiia pneumoniae, Rhizobium meliioti and Rhizobium leguminosarum biovar viciae. High conservation was found in the central domain and in the COOH-terminal, putative ONA binding domain, whereas very little homology was present within the first 250 amino acids from the NhL-terminus. Upon deletion of the first 218 amino acids (37% of the protein) and expression of the remainder as a Cat'-'NifA hybrid protein, a fully active, rrrf-specif ic transcriptional activator protein was obtained which also retained oxygen sensitivity, a characteristic property of the wild-type B.japonicum NifA protein. In contrast, an unaltered COOH-teiminal domain was required for an active NifA protein. Between the central and the DNA binding domains, a so-called interdomain linker region was identified which was conserved in all rhizobial species but missing in the K.pneumoniae NifA protein. Two conserved cysteine residues in this region were changed to serine residues, by oligonucleotide-directed mutagenesis. This resulted in absolutely inactive NifA mutant proteins. Similar null phenotypes were obtained by altering two closely adjacent cysteine residues in the central domain to serine residues. Nif gene activation Jji vivo by the B. japonicum NifA protein, but not by the K.pneumoniae NifA protein, was sensitive to treatment with chelating agents, and this inhibition could be overcome by the addition of divalent metal ions. On the basis of these observations and previous data on oxygen sensitivity we raise the hypothesis that at least some, if not all, of the four essential cysteine residues may be involved in oxygen reactivity or metal binding or both.
INTRODUCTION
In all diazotrophic bacteria examined to date, the promoters of the nitrogen fixation genes (nif and fix) carry the characteristic -24/-12 nif consensus sequence which implies that they are recognized by an alternative holoenzyme form of RNA polymerase containing the product of the ntrA gene (ginF, rpoN) as sigma factor (o ) (see Refs. 1,2 for review). In addition, the product of the key regulatory gene, nifA, is required to activate transcription from the nif promoters. The NifA protein probably acts from promotei-upstream binding sites which function as transcriptional enhancers (3,4). Thus, the NifA protein is believed to make contact to the upstream activator sequence and to the RNA polymerase-rvrf promoter complex. Moreover, in Klebsiella pneumoniae the NifL protein appears to interact with the NifA protein because
NifL is known to function as an antagonist ('repressor') of the NifA-mediated nif gene activation in response to oxygen and intermediate concentrations of NH. (5) . In other N« fixing bacteria such as the rhizobia, evidence for a nifL-iike gene is lacking. For a better understanding of the molecular mechanisms of nif gene activation it is of particular interest to identify essential domains or specific amino acids in the NifA protein which play an important role in one of the aforementioned interactions.
A few predictions as to the potential function of specific protein domains have been made on the basis of amino acid sequence comparisons between the NifA proteins from K.pneumoniae, Rhizobium meliloti and Rhizobium leguminosarum biovar viciae (6, 7, 8, 9) . The low homology in the N-terminal region between the K.pneumoniae and R.meliloti NifA proteins has prompted Drummond et al. to speculate that this is the domain which, in the K. pneumoniae protein, might interact with the NifL protein (7) . Very high sequence conservation has been shown in a long central domain that was proposed to be responsible for the interaction with the RNA polymerase and/or with o (7) . Near the C-terminus a region of considerable homology has been found to contain a helix-turn-helix motif characteristic for DNA binding proteins (7) . None of these structure/ function predictions have been supported experimentally.
This is the first report assigning functional importance, or the lack of it, to specific domains or amino acids in the NifA protein. The experiments were carried out with the NifA protein from Bradyrhizobium .japonicum (10) , the nitrogen fixing root-nodule symbiont of soybean. An additional incentive for choosing this system was our recent observation that the i_n vivo activation of nif genes by the B. japonicum NifA protein, but not by the K.pneumoniae NifA protein (in the absence of NifL), was sensitive to aerobiosis (11) , both in E.coli and in B..japonicum backgrounds. It was, therefore, also an attractive goal to identify essential regions in the B.japonicum NifA protein which were missing in the K.pneumoniae NifA protein.
MATERIALS AND METHODS
Materials and methods not explicitly mentioned here are described in a recent report by Thony et al. (12) . Position numbers of nucieotides in the nifA gene refer to Fig. 2 Thereby it was found that the fusion in pRJ7582 was in frame but occurred 3 codons further downstream than planned in the cloning strategy. This was probably due to an unexpected double-strand exonuclease activity of the S1 nuclease used during the cloning procedure. A tetracycline-resistant, kanamycin-sensitive precursor plasmid of pRJ7551 was the source for the 3' nifA deletion derivatives pRJ7573 and pRJ7572 which were obtained thereof by Bal31 exonuclease treatment and precisely mapped by sequencing. These two plasmids directed the synthesis of mutant NifA proteins with native NH--terminal ends but deleted COOH-terminal ends.
In order to have available a K.pneumoniae nifA expressing plasmid with an identical vector as in pRJ7551, plasmid pKP7648 was constructed in the following way: pBR329 was linearized at its PstI site and after blunting of the 3' overhanging ends with T4 DNA polymerase EcoRI linkers were added. Subsequent digestion with EcoRI removed multiple EcoRI linkers and cut pBR329 at its unique EcoRI site. By recircularization, a pBR329 derivative lacking the 1396 bp Pstl-EcoRI fragment was obtained. It was further modified by insertion of the 2347 bp Xhol fragment of Tn5 encoding kanamycin resistance (nptll) into the Sal I restriction site of the tet gene in which the nptll gene was orientated divergently to the tet gene. Finally, the 606 bp BamHI-EcoRI fragment of this plasmid was replaced by the 3.4 kb BamHI-EcoRI fragment from pKP7533 (11) carrying the complete K.pneumoniae nifA gene plus the 3' end of nifL and the 5' end of nifB. In the final plasmid construct, pKP7648, expression of nifA is controlled by the cat promoter of pBR329 as it is the case for B..japonicum nifA on pRJ7551, and the replicon and antibiotic resistance marker are also the same as in pRJ7551. 01igonucleotide-directed mutagenesis For the mutagenesis of four cysteine codons into serine codons in the 3' part of the B..japonicum nifA gene the gapped duplex method was used (15). An 890 bp EcoRI-PstI fragment spanning the region of nifA to be mutagenized was subcloned into M13 vector mp9, and ssDNA obtained thereof was used for mutagenesis. From clones harbouring the desired point mutations, dsDNA was isolated, and suitable restriction fragments thereof were used to replace the corresponding fragments in pRJ7553. This plasmid was chosen as target for reasons of constructions; it carries the same transcriptional cat::nifA fusion as pRJ7551, however, it is based on vector pACYC177. The resulting point mutations in the constitutively expressed B..japonicum nifA genes on pRJ7609 (G 32 o8 -C), pRJ7622 (T 321 ,3 + A), pRJ7607 (T 330 3 + A) and pRJ7605 (T 33le + A) were verified by sequencing. Also by oligonucleotide-directed mutagenesis, the point mutation on pRJ76O5 was reverted to wild-type nifA yielding pRJ7627 which thus was identical to pRJ7553. As additional control for the correct construction of the point mutations, expression plasmids of wild-type and point-mutated B..japonicum nifA genes were constructed using expression vector pJF118HE. To improve translation of the nifA genes they were fused in frame to the first 38 codons of the cat gene analogous to pRJ7517 shown in Fig. 2 . The resulting cat'-'nifA cassettes were brought under the control of the inducible tac promoter on pJF118HE. This yielded plasmids pRJ7623 (derived from pRJ7517), pRJ7634 (from pRJ7609), pRJ7639 (from pRJ7622), pRJ7633 (from pRJ76O7) and pRJ7632 (from pRJ76O5) which were introduced into E.coli RR28 (20) for in vivo expression of wild-type and mutated B.japonicum nifA. g-Galactosidase assays
Microaerobic cultivation of E.coli strains to be tested for g-galactosidase activity and measurement of enzyme activity have been described (10,11). In the experiments concerning the differential sensitivity of B..japonicum nifA-and K.pneutnoniae nifA-mediated nifD'-' lacZ activation to the chelating agent o-phenanthroline, the E.coli strains to be assayed were grown in NFDM medium (21) Based on the results obtained from these sequence comparisons we wished (i) to obtain experimental evidence whether or not the non-conserved N-terminal region was required to constitute an active NifA protein, (ii) to obtain proof for the necessity of the DNA binding domain in the function of the NifA protein, and (iii) to find out whether the interdomain linker and, in particular, the conserved cysteine residues might play a functional role in the B.japonicum NifA protein, despite the fact that the K.pneumoniae NifA protein is active without having this interdomain linker.
The ami no-terminal region is not required for the function of the B.japonicum

NifA protein
Using exonuclease Bal31 a set of deletions in the 5' end of the B.japonicum nifA gene was created, the truncated genes expressed, and the ability of the shortened NifA proteins to activate the B..japonicum nifD promoter was tested (Fig. 2) . Translation of 5'-deleted nifA genes on plasmids pRJ7517, pRJ7521, pRJ7519 and pRJ7582 (Fig. 2) was forced by fusing the truncated nifA genes in frame to the cat gene of pBR329 whose promoter was used for expression. The hybrid Cat'-'NifA proteins derived from the fused genes contained at their NH.-terminal end the first 38 amino acids of chloramphenicol acetyltransferase. The exact sites within the NifA protein to which the Cat segment was fused are indicated in Fig. 1. The reference plasmid pRJ7551 contained Fig. 1) . We anticipated that this would yield information on whether or not the interdomain linker, and in particular these cysteines, were essential for NifA activity. The protein sequence compa- Fig. 1 also revealed the presence of another cysteine residue (cysteine-440) near the end of the central domain which is conserved only in the rhizobial species but is replaced by a tyrosine in K.pneumoniae. Furthermore, there was one cysteine residue (position 477) at the end of the central domain which was conserved in all species (Fig. 1) . The four critical cysteine residues within the B. japonicum NifA protein were mutated via oligonucleotide-directed mutagenesis into stereochemically similar serine residues, and the ability of the modified NifA proteins to activate the nifD promoter was tested. The results are given in Table 2 . The data clearly show that none of the mutated nifA gene products was able to activate the nifD'-'lacZ fusion. The resulting (3-galactosidase activities were in the range of 1 to 2% of the value obtained in the presence of wild-type nifA on pRJ7553 and indistinguishable from background B-galactosidase activity observed in the absence of any activating plasmid.
Three controls were done to make sure that the point mutations were responsible for the observed phenotypes:
(i) After mutagenesis, the complete DNA fragment that was the target in the gapped-duplex procedure was sequenced, and in all four cases only the desired nucleotide exchange was found (see Materials and Methods).
(ii) The mutated nifA gene on pRJ7605 was reverted to wild-type nifA, again by oligonucleotide-directed mutagenesis. The resulting plasmid, pRJ7627, activated the nifD'-'lacZ fusion similarly as the original nifA plasmid -containing strains (Fig. 3, lanes 7,9,11,13,15) . This proves the integrity of the nifA open reading frames in the original mutant plasmids pRJ76O9, pRJ7622, pRJ76O7 and pRJ76O5. Evidence that these domains bind Me[II] is available for TFIIIA (27, 28) and GAL4 (29) whereas the metal-binding function of the other sequences is hypok thetical.
Amino acids are given in the one-letter code; X stands for any amino acid. Two alternative variants, (i) and (ii), as deduced from the complete amino acid sequences are proposed in the cases of the Fur and NifA proteins. ments as they are known for the covalent binding of a c-type heme (25) . The direct binding of a metal ion to some of these cysteines appears to be a more attractive hypothesis (see next paragraph). Do the rhizobial NifA proteins contain a metal-binding site? A great number of nucleic acid binding proteins contain potential metalbinding domains (26) . For some of them it is established that cysteine thiols (Cys) and histidine imidazoles (His) serve as coordinates in the binding of divalent metals (Me[II] ). The most well-known domains are the "zinc fingers", e.g. in the Xenopus laevis 5S RNA transcription factor 111A (27, 28) or in the positive regulatory proteins GAL4 (29) and ADR1 (30) of Saccharomyces cerevisiae (see Table 3 ). In the interdomain linker region of the R.meliloti NifA protein the sequence Cys-X.-Cys-X.-His-Cys-X-His perfectly fulfills the criteria by which Berg (26) has defined a potential metal-binding site in a variety of nucleic acid binding proteins (Table 3 ). In the corresponding B.ja- Table 3 ) has been proposed (31, 32, 33) .
Conclusion and possible mechanism
The data presented in this paper and in a previous report (11) On the basis of this parallelism we are tempted to propose a working hypothesis that provides a causal connection between these observations. One might conceive a mechanistic model in which a metal (e.g. Fe [11] ) would bind in its reduced state to the interdomain linker thus aiding the correct positioning of the DNA binding domain in order to form an active NifA protein.
Conversely, under aerobic conditions the metal ion may be oxidized and unable to bind to NifA with the result that the protein is now inactive. Furthermore, it may be possible that this metal is more firmly bound to the R.meliloti NifA protein than to the B..japonicum NifA protein because the activity of the former is less sensitive to both oxygen and chelators. The relatively pronounced residual oxygen insensitivity of the R.meliloti NifA protein may also be the reason why the expression of this protein from the nifA promoter needs to be additionally controlled by oxygen (34) , in contrast to B..japonicum (12) .
In other oxygen-reactive transcriptional regulators the mechanism of oxy-gen sensing is also not known. Nevertheless, there are some interesting similarities. For instance, the E.coli Fnr protein, a positive regulator of the genes for the anaerobic fumarate and nitrate reductases, contains the sequence Cys-X^-His-Cys-X.-Cys which has been considered as a potential oxygen-reactive domain (35) . The second cysteine in this row has recently been converted to a serine resulting in an inactive Fnr protein (unpublished data cited in Ref. 36 ).
The ferric uptake regulation protein of E.coli, called Fur (see also (33) . We hope that our future studies with the NifA protein will not only help to unravel the mechanism of oxygen control of nif gene expression in B.japonicum but will also contribute to an understanding of the mechanism of oxygen sensing in other oxygen regulated systems.
